This paper presents experimental results of the ozonation of a model aromatic sulphonic compound, 1,3,6-naphthalenetrisulphonic acid (NTS), in the presence of different activated carbons with different physical and chemical surface properties. Carbons used were commercial activated carbons (Ceca AC40, Norit, Merck, Witco, Ceca GAC, Filtrasorb 400, Sorbo) with or without demineralisation pre-treatment. Carbon samples were texturally and chemically characterised using N 2 adsorption isotherms, mercury porosimetry, pH PZC , selective neutralisation and elemental analysis. Results show that NTS was degraded by ozone at a faster rate in the presence of activated carbon, especially in the case of Sorbo, Ceca GAC and Norit carbons, which display catalytic activity, probably by enhancing ozone decomposition in aqueous phase in highly oxidative species. These catalytic properties seem to be favoured by both the basicity of the carbon surface and the higher macropore volume. Dissolved total organic carbon from the NTS degradation compounds was removed in the presence of activated carbon through both the catalytic activity of activated carbon to mineralise organic matter and the adsorption of these organic compounds on activated carbon.
Introduction
Toxic organic contaminants, such as heterocyclic and phenolic compounds, present serious environmental risks and should be eliminated before discharge into natural water bodies. Unfortunately, conventional biological effluent treatment systems cannot meet the abatement requirements set by the regulations because these compounds are difficult to metabolise or may even inhibit microbial activity. In this context, more sophisticated treatment alternatives should be implemented to deal with this type of contaminant.
Indeed, advanced oxidation processes (AOP) [1] have attracted considerable attention due to the destructive power of highly reactive free radicals involved in these systems. Organic molecules are readily destroyed by OH • radicals, with typical rate constants in the range 10 6 -10 9 M −1 s −1 .
In all cases, the aim of AOP is to generate OH • radicals that react with organic molecules; nevertheless, due to their high reactivity and poor selectivity, these free radicals may be consumed in chemical reactions with other compounds usually present in wastewater, such as butanol, methanol, carbonates and bicarbonates, which act as free radical scavengers, stopping propagation reactions involved in the oxidation of aromatic compounds [2, 3] .
In the case of ozone-based processes, the presence of such free radical scavengers has a significant effect on performance, so that higher ozone consumption is required to meet discharge standards [4] , and may even lead to the formation of mutagenic organic by-products [5] .
In order to overcome those shortcomings, catalysts have been introduced to increase ozonation performance [6] . Recently, Hewes et al. [7] reported that ozonation of phenolic compounds was more effective when conducted in the presence of Fe(II), Mn(II), Ni(II) or Co(II) sulphates. Moreover, Abdo et al. [8] showed that Zn(II) and Cu(II) sulphates, Ag(I) nitrate and Cr(III) oxide presented catalytic effects during ozone decolouration of textile effluents. Similar results were reported by Gracia et al. [9] in the case of ozonation of humic compounds in the presence of Mn(II) and Ag(I), and by Andreozzi et al. [10] during ozonation of oxalic acid with Mn(II) at low pH.
There are few published experimental studies on heterogeneous catalysed ozonation of aromatic contaminants. In this respect, the combined use of ozone and activated carbon has been identified as an interesting alternative to destroy toxic and poorly biodegradable organic molecules [11, 12] . Unfortunately, fundamental studies on this system are still required to unveil the physical and chemical mechanisms involved. Jans and Hoigné [13] showed that ozone reactions in aqueous phase were catalysed by carbon black and activated carbon. Indeed, radical chain reactions seem to be initiated by the action of functional groups present on the carbon surface, thus accelerating ozone decomposition in aqueous phase. Zaror et al. [14] reported that ozone stability in aqueous solutions is drastically reduced by the presence of activated carbon, probably due to a combination of surface catalysed ozone decomposition reactions and chemical reactions with carbon surface functional groups.
In previous papers [15, 16] , we studied the ozonation of three naphthalenesulphonic acids (mono, di and trisulphonic acids) and found that the ozonation rate depended on the number of sulphonic groups in the aromatic rings. The degradation of 1,3,6-naphthalenetrisulphonic acid (NTS) was much slower than that of 1-naphthalenesulphonic acid, because of the presence of three sulphonic groups in the aromatic rings of NTS, which reduce the ring electronic density, leading to a decrease in its reactivity towards ozone.
The present paper aimed to study the ozonation of NTS, as a model contaminant, in the presence of different commercial activated carbons to enhance its degradation and removal. The catalytic effect of these activated carbons and the parameters affecting this ozonation process were investigated.
Experimental

Methods
Ozone was produced from pure oxygen using an Ozokav ozone generator rated at 76 mg O 3 /min. A 2 l temperature-controlled stirred reactor system was used. Experiments were conducted at 25 • C and 260 rpm. Analytical grade H 3 PO 4 and NaOH were used to adjust the pH. One litre of NTS-free solution at the set pH was poured into the reactor and ozone gas was continuously fed for 35 min to achieve saturation. Then, 1.8 ml NTS (25 g/l stock solution) was injected into the reactor to obtain a NTS concentration of around 45 mg/l. At the same time, 0.5 g activated carbon (original or demineralised) was added into the reactor. Samples were taken regularly for chemical assay; NaNO 2 was used to stop the ozonation reaction. NTS concentration, dissolved ozone, total organic carbon (TOC) and dissolved inorganic carbon (DIC) were determined after different time periods.
Commercial activated carbons Filtrasorb 400, Merck, Norit, Ceca AC40, Ceca GAC, Sorbo and Witco were used. NTS was obtained from Fluka; all other reagents were purchased from Merck.
Analytical methods
Gas phase ozone concentration was determined by spectrophotometry using Spectronic Genesis 5 equipment connected to a flow cell. Dissolved ozone concentration in aqueous solution was determined by the Karman-Indigo method [17] .
NTS concentration was measured by HPLC using a Merck-Hitachi with UV detector and a 250 mm long RP-18 (5 m) LiChrosphere 100 column. A 35/65 methanol-water solution was used as mobile phase, containing 5 mM TBABr as ion exchanger and 10 mM NaH 2 PO 4 (Merck) as pH regulator; flow rate was set at 1.3 ml/min.
Dissolved TOC and DIC were measured using a Shimadzu TOC-5000A unit with an experimental error of ±5%.
Demineralisation of activated carbons with HCl and HF was carried out using procedures proposed by Morgan et al. [18] .
The surface area of carbon samples was determined from the BET equation applied to the N 2 adsorption isotherms at 77 K, which were obtained using a Micromeritics Gemini 2370 adsorption unit. The volumes of macropores (V 3 ) and wider mesopores (V 2 ) were determined by mercury porosimetry using a Quantachrome Autoscan 60 apparatus.
The pH of the point of zero charge (pH PZC ) of carbons was determined following the pH drift tests reported elsewhere [19] . The determination of acid and basic groups was carried out following the method proposed by Boehm [20] . Elemental analysis of the carbons used was performed with a Fison's Instruments Model 1108 CHS elemental analyser.
Ash content in carbons was determined by incineration at 850 • C and ash chemical composition was estimated by X-ray fluorescence. The procedure was described in detail in a previous publication [21] . cial activated carbons used in this study. Greater surface areas, in the range 1200-1300 m 2 /g, were shown by Sorbo, Merck and Ceca AC40 activated carbons, whereas Witco carbon presented the smallest surface area (808 m 2 /g). According to the data presented in Table 1 , the Sorbo and Norit carbons had the most marked macroporosity, while Ceca GAC carbon had the greatest mesoporosity (V 2 = 0.13 cm 3 /g). Witco carbon had the lowest V 2 and V 3 values.
Results and discussion
Activated carbon characterisation
Regarding the surface chemistry of the activated carbons, Sorbo (pH PZC = 9.42) and Norit (pH PZC = 9.18) carbons showed the greatest concentration of surface basic groups (1713 and 2050 eq/g, respectively), whereas Ceca AC40 carbon (pH PZC = 5.29) had the greatest concentration of surface acid groups. Table 2 lists the results of the elemental analysis of each activated carbon. The percentage of oxygen ranged from 19.63% for Ceca GAC carbon to 4.24% for Witco carbon. All remaining carbons presented a very similar percentage of oxygen of around 10%. With regard to the mineral matter, Ceca GAC carbon featured the highest ash content (12%) and Witco carbon the lowest (0.3%) ( Table 1) . Filtrasorb 400 ash presented a high Fe (6.32%) and Al (8.41%) content, whereas Norit and Sorbo had a low content of Fe and Al and a significant fraction of Mg and Ca (around 9-10% each) ( Table 3) . Unlike other samples, ashes from Ceca GAC showed a high P (4.11%) content. A substantial concentration of Ti ( ∼ =1%) was detected in Filtrasorb 400 and Merck ash samples, while Mn contents were significant in Norit and Sorbo ashes (0.25 and 0.13%, respectively). These metals are frequently used as catalysts in oxidation processes. Indeed, Ti is favoured as catalyst in photocatalysis [22] and Bhat and Gurol [23] recently used low concentrations of MnO 2 to enhance chlorobenzene degradation by ozone. Fig. 1 shows experimental results of NTS ozonation in the presence of the different activated carbons. All of the carbons increased the ozonation rate. Sorbo, Norit, and Ceca GAC carbons greatly enhanced NTS degradation rates, whereas Witco activated carbon had a lower effect on the NTS degradation rate. These results were obtained at pH 2.3, at which there is poor NTS reactivity towards ozone in the absence of activated carbon [15] . The greater rate of NTS ozonation in the presence of these carbons could, therefore, be explained by an increase in free radical hydroxyl concentration. In previous investigations [15, 16] of the ozonation of NTS in the absence of activated carbon, we found that the direct reaction constant was 6.72 M −1 s −1 , whereas the indirect reaction (free radical reaction) constant was 3.7 × 10 9 M −1 s −1 . Thus, the radical reaction proved more efficacious in oxidizing NTS. The main compounds obtained in the degradation of NTS by ozone are: oxalic acid, formic acid, and sulphate ions [15, 16] .
Ozonation of NTS in the presence of activated carbons 3.2.1. Influence of chemical and textural characteristics of activated carbon on the NTS oxidation rate
The carbons that most enhanced the NTS ozonation rate were those with greatest pH PZC values and highest concentrations of surface basic groups (Table 1) . However, no clear relationship was observed between the NTS ozonation rate and the S N 2 of the activated carbon. Thus, Merck carbon had the largest surface area (S N 2 = 1301 m 2 /g) but did not show the highest rate of NTS oxidation. These results indicate that the process of ozonation catalysed by activated carbon is not affected by its microporosity. On the other hand, the carbons that most favoured the removal of NTS from the medium (Sorbo and Norit) were those with greatest macropore volumes ( Table 1) . These pores act as transport pores, facilitating the access of ozone to the carbon surface and reducing diffusion problems. Thus, the low catalytic activity showed by Witco carbon could be related, in part, to its small V 2 and V 3 values. However, there was no close relationship between macropore volume and catalytic activity in the remaining carbons under study.
Although activated carbon is a heterogeneous material with a large number of surface groups and different pore size distributions, the above results suggest that the catalytic activity of these activated carbons in NTS ozonation is mainly a function of the carbon basicity. Thus, the catalytic activity seems to be enhanced by increased carbon basicity.
The basicity of an activated carbon is due to the presence of basic oxygen-containing functional groups (e.g. pyrones or chromenes) and/or graphene layers acting as Lewis bases and forming electron donor-acceptor (EDA) complexes with H 2 O molecules. These latter basic sites are located at electron-rich regions within the basal planes of carbon crystallites away from the crystallite edges [24] . This delocalised electron system can act as a Lewis base in aqueous solution:
The delocalised electron system of basic carbons and oxygenated basic groups (chromene and pyrone) would, therefore, act as catalytic centres of reaction, reducing the ozone molecules to hydroxyl ion and hydrogen peroxide following the reactions:
It is widely known [25] [26] [27] [28] that both hydroxyl ion and hydrogen peroxide act as initiators of the ozone decomposition process in aqueous phase.
Thus, the higher degradation rate of NTS in the presence of Sorbo (pH PZC = 9.42) and Norit (pH PZC = 9.18) carbons is because these carbons have greater reducing properties, favouring reactions 2 and 3 and, therefore, increasing the extent of ozone decomposition into highly oxidative radicals.
TOC removal during ozonation treatment
The TOC present in solution is an important parameter to evaluate the efficacy of a given water treatment system. Fig. 2 shows the TOC concentration as a function of NTS ozonation time in the presence of the activated carbons. All activated carbons reduced the TOC during ozonation time and Norit, Sorbo and Ceca GAC carbons had the greatest effect on TOC removal. The increased TOC concentration of Norit, Merck, Sorbo and Filtrasorb 400 activated carbons (Fig. 2 ) after 10 min ozonation may be due to electrophilic attack on surface aromatic rings of the activated carbon, generating soluble organic by-products.
This attack was experimentally observed by ozonating activated carbons in the absence of NTS (Fig. 3) . All of the activated carbons were attacked by ozone to a greater or lesser extent, yielding soluble organic by-products. Under these experimental conditions, basic carbons present a greater increase in dissolved TOC after the first 10 min of ozonation. The reduction in dissolved TOC with the increase in ozonation ( Fig. 3 ) may be due to: (i) mineralisation of organic matter by highly reactive species and (ii) reduction in activated carbon reactivity by the generation of oxygenated functional groups that reduce electronic density on the surface. The comparison of results shown in Fig. 2 with those in Fig. 3 indicates that TOC removal is much faster in the presence of NTS than in its absence.
The reduction in dissolved TOC during NTS ozonation (Fig. 2 ) may be due to: (i) mineralisation of organic matter to CO 2 by highly reactive species catalysed by activated carbon and (ii) the adsorption of oxidised by-products from NTS on activated carbon.
In order to determine the contributions of adsorption and catalysis to the overall process of TOC removal, experimental studies were undertaken using reactor in discontinuous mode. A solution of NTS (45 mg/l) was treated with ozone for 25 min and then degasified for 5 min, in order to remove the dissolved ozone. The concentration of dissolved ozone was followed up using indigo. After the ozone was removed, 0.5 g of activated carbon was added and the solution was agitated for 30 min.
The reduction in TOC observed in the above experiment may be considered exclusively due to the adsorption of NTS ozonation products on the activated carbon. Knowledge of the contribution of adsorption to TOC removal allows the catalytic contribution of the carbon to be determined, simply subtracting the contribution of adsorption from the difference between the initial TOC and the TOC after ozone/activated carbon treatment of the NTS for 30 min. Table 4 lists the values of the catalytic and adsorptive contributions to TOC removal in the carbons under study. Sorbo carbon showed the greatest catalytic contribution, indicating that it caused a greater minerali- sation of the organic matter present. This carbon produced the catalytic removal of 2.47 mg/l of dissolved organic matter after 30 min of treatment (Table 4) . This greater catalytic capacity is due to a larger amount of free radicals in solution. Sorbo carbon is of basic nature (pH PZC = 9.42) and thus, as commented above, has a greater reducing capacity, producing the decomposition of the ozone in aqueous phase.
On the other hand, although Ceca GAC is considered of neutral nature (pH PZC = 6.83), it showed a major catalytic contribution to the removal of dissolved organic material. This may have resulted from the presence of a large amount of mineral matter (Table 1 ). In accordance with these findings, the metallic centres present in mineral matter would behave as active centres in the ozone decomposition process in aqueous phase. This aspect will be discussed later. Witco carbon showed the smallest catalytic contribution, due to its low basicity and insignificant ash content (0.3%).
In order to enhance the dissolving of the CO 2 generated and thereby determine the increase in mineralisation of organic matter caused by the presence of the activated carbon, NTS ozonation experiments were run at pH 7. As an example, Fig. 4 shows the evolution of the TOC in the presence and absence of Ceca GAC activated carbon during NTS ozonation at pH 2 and 7.
At pH 7, a decrease in TOC was observed in both the absence and the presence of activated carbon. Thus, the difference between the dissolved inorganic carbon (from the mineralisation of organic matter) deter-mined in the presence and absence of activated carbon yields a measurement of the catalytic effect of the activated carbon on TOC removal ( DIC). In fact, Table 4 , which includes DIC values, shows that the increase in inorganic carbon due to the presence of activated carbon is very similar to the experimentally determined value of the catalytic contribution of the carbon to the overall removal of organic matter. These results confirm the goodness of the method used to determine the contribution of the catalytic process to the overall removal of organic matter. [29] reported that phenol ozonation was enhanced in the presence of Fe(III) supported on alumina. Karpel Vel Letimer et al. [30] found that ozonation of salicylic acid, peptides and dissolved humic substances was enhanced when supported metals were present. Moreover, the catalytic activity of MnO 2 and TiO 2 to decompose ozone in aqueous phase is widely known [31, 32] .
In order to quantify the extent to which mineral matter present in activated carbon affects ozonation, experiments were conducted using demineralised carbon samples. In all carbons, the rate of NTS ozonation was reduced when the activated carbon used was demineralised. The only exception was Witco carbon (0.3% ash content), with the demineralised sample showing similar behaviour to that of the original Witco carbon. Fig. 5 depicts, as an illustration, the results of NTS ozonation in the presence of both demineralised and original Ceca GAC carbon samples. These findings indicate that the mineral matter in activated carbon must contribute positively to the catalytic activity of the carbons in NTS ozonation.
In a previous study [33] , we discovered that carbon demineralisation treatment using HCl and HF did not affect the concentration of oxygen surface groups. Moreover, the pH PZC values of our demineralised activated carbons, determined in the present study, are similar to those of the original carbons. Thus, the lower degradation rate of NTS in the presence of demineralised carbon would be mainly due to a reduction in its mineral matter content.
The increase in the extent of ozonation reactions with heterogeneous catalysis is an incipient methodology and there is still considerable uncertainty about the mechanism by which the metals produce decomposition of the ozone in aqueous phase. Among the metals, Mn has been the most widely studied. Ma and Graham [34] reported that MnO 2 , formed in situ by ozonation of atrazine in the presence of small amounts of Mn(II), leads to a much greater degree of atrazine oxidation by ozone. The authors ascribed these results to the generation of highly oxidative intermediate species, although they did not propose the mechanism involved. Andreozzi et al. [31] described a significant improvement in oxalic acid ozonation at acidic pH induced by the presence of MnO 2 , although they did not account for these findings.
All of the metals that showed catalytic activity in ozonation processes in organic compounds are part of the mineral matter of the activated carbons used (Table 3) . However, it is difficult to ascertain the role of each metal in the catalyzed ozonation of NTS.
The present results showed that some components of the mineral matter of carbons behave as active centres in the decomposition of ozone in aqueous phase, enhancing NTS ozonation. Nevertheless, further research is required to identify the mechanism by which this matter operates in the process of catalytic ozonation.
Influence of demineralisation treatment on TOC removal.
In all cases, the efficacy of the ozone/activated carbon system to remove dissolved organic matter deriving from NTS degradation was reduced when demineralised carbons were used. Fig. 6 shows, as an example, results obtained for NTS ozonation in the presence of both untreated and demineralised Ceca GAC activated carbon samples. There was a lesser mineralisation of the dissolved organic matter as a result of the absence of mineral matter in the carbons. The absence of metallic sites on the carbon surface leads to a reduction in the concentration of highly oxidative species that mineralise organic matter.
As above, experiments were performed at a pH 7 to observe the increase in DIC produced by the presence of demineralised activated carbon in the system (Table 5) , which was slightly lower than that produced by the presence of the original carbons (Table 4 ). The present results indicate that the generation of highly oxidative species that participate in TOC removal is reduced when demineralised carbon is used. This confirms that the mineral matter present in activated carbon intervenes in the ozone decomposition into highly oxidative species.
Interestingly, the ozonation of activated carbon in the absence of NTS was little affected by demineralisation pre-treatment, as shown in Fig. 7 . Indeed, ozonation of pre-treated and virgin Ceca GAC carbon samples yielded similar dissolved TOC from the ozone attack to carbon, indicating that metallic sites may not be involved in the generation of solu- ble by-products. However, the removal of this TOC from solution is also enhanced in the case of original activated carbon, which, again, points out the role of the mineral matter in the removal of TOC from solution.
Conclusions
Basic activated carbons have greatest catalytic activity in the ozonation process. The basal plane electrons and oxygenated surface groups of basic nature (chromene and pyrone) in activated carbons are mostly responsible for ozone decomposition in aqueous phase. The ozone reduction on the surface of activated carbon generated OH − ions or H 2 O 2 that initiated the decomposition of ozone in aqueous phase into highly oxidative species, which are responsible for the increase in the NTS ozonation rate. Furthermore, these species are able to mineralise dissolved organic matter, decreasing the TOC. A high macroporosity in carbon also enhances the ozonation process, reducing diffusion problems and, therefore, favouring access of the ozone to the active centres of the carbon surface.
Ozone attacks activated carbon, leading to soluble organic matter production that increases the dissolved TOC concentration in the first part of ozonation, particularly in the case of basic carbon.
The mineral matter present in activated carbons enhanced their catalytic activity, increasing the rate of NTS degradation and enhancing TOC removal, contributing to the mineralisation of the organic material present in solution.
